Neutron flux measurements by the Lunar Exploration Neutron Detector (LEND) on the 39
Introduction 74
The flux of neutrons from solid surfaces exposed to galactic cosmic rays (GCR) can be 75 measured by spacecraft instrumentation to explore composition of the upper regolith (~1m) 76 in planetary bodies. Neutron remote sensing poses technical challenges in that neutrons are 77 not focused effectively with current technologies, and a significant background flux of 78 neutrons is formed by GCR impacts on spacecraft structures local to the detector. The 79
Lunar Exploration Neutron Detector (LEND) on the Lunar Reconnaissance Orbiter (LRO) 80 spacecraft addresses the challenge of directing neutrons by placing a subset of its detectors 81 within a collimator structure that reduces the population of neutrons that reach the detector 82 from outside a limited range of acceptance angle (Mitrofanov et al. 2010a ). The detectors 83 within the collimator structure receive background neutron flux from the surrounding 84 structure, and LEND also has uncollimated detectors mounted on the outside of the 85 collimator structure which receive background neutron flux generated within the body of 86 the spacecraft and the neighboring collimator. The relatively high mass of the collimator 87 prevented deploying LEND on a boom and thus LEND was mounted to the spacecraft body, 88 which maximizes the solid angle subtended by the spacecraft neutron source. Neutron 89 remote sensing detects hydrogen and other species by their suppression of neutron flux.
90
Localized deposits of these species can be identified even in raw flux measurements, but 91 accurate quantitative measurements require determining and subtracting the background. 92
Data acquired at the Moon during the first (roughly) two and a half years of the LRO 93 mission demonstrate the actual performance of the LEND instrument in action at the Moon, 94 responding to the combined lunar neutron flux and background. This work tests 95 background estimates in three of LEND's detector systems that were determined from 96 cruise-phase measurements en route to the Moon (Litvak et al. 2012a ) and uses a method 97 independent from a recent determination of background detection rates by Litvak et al. 98 (2016) . The present method also explores similarities and differences between 99 measurements of neutron flux by LEND and by the earlier Lunar Prospector (LP) neutron 100 detectors (Feldman et al. 1999 ). All of the data used here were downloaded from the 101
Planetary Data System Geosciences Node, hosted by Washington University in St. Louis 102 (http://geo.pds.nasa.gov) and thus are freely available to the lunar science community to 103 test the conclusions of this work. 104
The primary task for LEND is to map the distribution and magnitude of suppression in the 105
Moon's neutron flux as an indicator for the presence of hydrogen, and thus water, in the 106 upper meter of the regolith near the poles. Hydrogen, as water, is expected to be 107 concentrated within permanently shadowed regions (PSRs) near the lunar poles (Watson 108 et al. 1961; Carruba and Coradini 1999) . Hydrogen or water may come from the constant 109 influx of solar wind, from impacts by hydrated micrometeoroids, from pulsed delivery of 110 water and other volatiles by major cometary or asteroidal impacts, or from outgassing 111 volatiles from the lunar interior. Remote detections of mineral hydration in the Moon's 112 near-infrared reflectance spectrum show that water or hydroxyl is more widely distributed 113 than expected (Sunshine et Neutron remote sensing measures the quantity of hydrogen in the regolith through a local 118 deficit in the flux of epithermal neutrons (~0.4 eV < E < ~100 keV) that are created by 119 galactic cosmic ray (GCR) spallation from atomic nuclei in the Moon (Boynton et al. 2012 ).
120
A deficit in the epithermal neutron leakage flux is caused by collisions with hydrogen 121 atoms, which efficiently degrade neutron energy below the threshold of the thermal range 122 (E<~0.4 eV). For modest hydrogen concentrations up to a few thousand parts per million 123 by weight (ppmw) or a few percent or less of water-equivalent hydrogen by weight (wt% 124 WEH), the fractional abundance of hydrogen is directly proportional to the fractional 125 deficit of epithermal neutrons relative to unsuppressed neutron leakage from a hydrogen-126 poor reference region of similar mineralogy (see Eqn. 8). If the detector background were 127 not subtracted, the measurement would underestimate the actual hydrogen concentration, 128 resulting in a hard lower limit on the abundance of hydrogen in the regolith. 129
LEND is the second orbital neutron detection instrument deployed at the Moon to 130
investigate the quantity and spatial distribution of hydrogen in the lunar surface, enlarging 131 on results from Lunar Prospector (Hubbard et al. 1998 ). The LP investigation of water 132 deposits in the Moon's polar regions was reported by Feldman et al. (2000; 2001; .
133
The Lunar Prospector mission was terminated by intentional lunar impact on 31 July 1999 134 (Goldstein et al. 1999) . Lunar Prospector operated in two phases, initially at 100 km 135 altitude and later at 30 km altitude. The spatial footprint of omnidirectional neutron 136 detectors, such as used on LP, is proportional to altitude. We use data from the low altitude 137 phase of the LP mission to compare with LEND measurements at ~51 km altitude. 138
The present work models the spatial distribution of lunar neutron flux measured by three 139 of the LEND detectors, using comparable data from LP as well as using LEND data to 140 compare between detector systems (Fig. 1 ). This effort differs from Litvak et al. (2012b) , 141 which compares the first 1.3 years of LEND data to LP mapped neutron flux measurements, 142 by using substantially more LEND data and by quantitatively investigating the relative 143 contribution of neutrons from different populations in each LEND detector. Litvak et al. 144 (2016) also investigated LEND detector background, using orbital phase profiles rather 145 than complete two-dimensional maps and using only data from LEND detectors rather than 146 LP. Eke et al. (2012) modeled the performance of one LEND detector system, the CSETN 147 collimated detector, comparing the data stream of individual one-second integrations by 148 LEND against latitude-longitude maps compiled from LP. The present effort differs from 149 Eke et al. (2012) by comparing maps assembled by comparable methods for LEND and 150 LP both, and by investigating two other LEND detector systems as well as CSETN. The 151 compiled LEND maps are assembled from data reduced, calibrated, and flagged by LEND 152 standard processing for Derived LEND Data products (DLD) for the PDS (Litvak et al. 153 2012a ). An ASCII text file recording the mapped LEND data and detector backgrounds 154 derived from this work can be found in the online Supplemental Materials. 155 In the following section, we summarize relevant features of LEND and its major 156 differences from the LP neutron detectors and discuss constructing maps using both LP 157 and LEND data. We show how archived data from LP can be used to estimate contributions 158 to the LEND detectors from lunar and non-lunar sources and to estimate parameters 159 25.0 required to reduce LEND data and eliminate background and out-of-band contributions in 160 the different detectors. Finally, we address distinctions between neutron flux measured by 161 LEND and neutron flux measured by LP, including both the uncollimated and the 162 collimated LEND detectors. We identify a persistent discrepancy in the polar regions 163 between two of the LP neutron flux maps in comparison to corresponding LEND 164 measurements and argue that this discrepancy is an artifact of the LP data that is not present 165 in the LEND detectors nor in the remaining one of the three LP neutron detector systems.
LRO/LEND

166
The ratio between the epithermal neutron flux at the relatively dry equator and at the poles 167 yields estimates for the regionally averaged hydrogen content in the polar regolith. 168
Instruments and Data Reduction 169
The although not every file covers a complete day, due to spacecraft events such as pointing 212 off-nadir for the benefit of other LRO measurements, conflict with charged particle flux 213 from solar particle events, or instrument or spacecraft anomalies. No DLD records are 214 produced for periods in which the instrument was switched off. 215
In the maps constructed from the data used in this work, mean altitude as a function of 216 latitude varies from a minimum of 48.0 km at the north pole to a maximum of 52.8 km at 217 the south pole. Over this altitude range, the detector background due to GCR impinging on 218 the spacecraft is expected to vary by 0.86% due to the change in solid angle subtended by 219 the Moon that occults the otherwise isotropic cosmic ray fluence (Litvak et al. 2012a ).
220
Treating the background as a spatially uniform component of the total neutron detection 221 rate thus is likely to overestimate the background at the low altitude of the north pole by 222 ~0.43%, and underestimate the background at the high altitude of the south pole by ~0.43%.
223
This is small compared to the uncertainties that are derived for the background (below).
224
The altitude also varies as a function of longitude, from a minimum of 43.0 km altitude at 225 ~15°N on the lunar nearside, to a maximum of 58.1 km altitude at ~15°S on the lunar 226 farside, with the background varying by 2.8% between the nearside minimum and the 227 farside maximum. The variability of the background with altitude is opposed by variability 228 in the flux of lunar neutrons, which decreases with altitude so that the magnitude of 229 variation in the total signal is less than the variation in either component. background neutrons also arise from GCR interactions with spacecraft materials, the total 273 signal in the detector scales uniformly with changes in GCR flux. 274
Lunar Prospector was in polar orbit, spin-stabilized with rotation axis nearly parallel to the 275 Moon's rotation axis (Binder 1998 A neutron-detection event in the LEND proportional counter detectors occurs when a 297 neutron penetrates into the detector chamber to be captured by a 3 He nucleus, forming a 298 triton and a free proton and releasing an electron and 764 keV of binding energy as the 299 total kinetic energy of the products. Collisions of the energetic products with the remaining 300 3 He gas results in ionization proportional to the release of energy, generating a pulse of 301 current between a central electrode and the chamber wall that is proportional to the energy. 302
Neutron-detection events are distinguishable from the continuum of pulse magnitude 303 created by charged particles, which also may be detected but with an energy spectrum that 304 peaks at low energy (Litvak et al. 2012a ). Measured signal is the count of neutron-detection 305 events within 1-second integration intervals. The triton eventually undergoes a beta-decay 306 to 3 He, leaving a net increase of one hydrogen atom in the detector chamber. Detection 307 efficiency degrades for neutrons entering the chamber with energy greater than ~1 eV and 308 is near zero for energy greater than ~10 keV (Litvak et al. 2012a) . 309
The three LEND detector systems investigated here are: 310 1. STN3 -uncollimated Sensor for Thermal Neutrons. This detector is mounted 311 outside the LEND collimator structure and near its nadir-pointed apex so that it 312 receives lunar neutrons from all directions and all energies. The identical STN1 and 313 STN2 detectors are mounted fore-and-aft on the outside base of the collimator so 314 that one is exposed primarily to neutrons from the direction of travel along the orbit 315 and the other is exposed to neutrons from the trailing direction. STN3 is positioned 316 such that it is unaffected by the velocity of the spacecraft, which has a significant 317 influence on detection rates for low-energy thermal neutrons detected by STN1 and 318 STN2. The globally averaged count rate in the STN3 detector is 24.93±0.02 counts 319 per second (cps). 320 2. SETN -uncollimated Sensor for EpiThermal Neutrons. This detector is mounted 321 similarly to STN3, on the opposite side of the collimator structure. It differs from 322 STN3 in that it is wrapped in cadmium foil, which has a high absorption cross-323 section for neutrons of energy less than ~0.4 eV, so that SETN accepts neutrons 324 only of greater energy. The LP epithermal-neutron detector also used cadmium foil 325 to exclude thermal neutrons from detection. The globally averaged count rate in the 326 SETN detector is 10.622±0.002 cps. The STN3 and SETN detectors are corrected for altitude-dependence in measured lunar 348 flux and spacecraft-sourced neutron production due to variations in the Moon's shadowing 349 of GCR fluence at the spacecraft. We test alternative detector background at the LRO mean 350 altitude but make no attempt to replace or supersede the rest of the reduction scheme 351 described by Litvak et al. (2012a) . No altitude-dependent correction is applied to CSETN 352 data in the standard data reduction. 
Constructing Maps 366
Cylindrical-projection maps of neutron detection rate can be constructed in a 367 straightforward fashion, by summing detected counts of every 1-second measurement that 368 fall within bins of chosen angular dimension in spacecraft latitude and longitude, divided 369 by total integration time within that bin. Polar orbit means that the latitude and longitude 370 of the spacecraft both vary linearly with time, so that integration time and statistical 371 uncertainty are distributed evenly across a cylindrical projection map ( Fig. 1d&h ), in 372 contrast to equal-area projection (e.g., Eke et al. 2012) , which concentrates integration time 373
per unit surface area in the polar regions. The map construction that is employed here 374 provides a natural way to handle times when one or two of the CSETN detectors were 375 powered off, by separately totaling counts and integration time for each of the detectors to 376 obtain an average signal per detector that can be multiplied by four to yield the equivalent 377 of the combined CSETN count rate with all four detectors in operation, the standard way 378 that CSETN data have been presented. The mapped net integration time is minimum, and 379 statistical uncertainties somewhat greater, at longitude ±90°, as expected due to station-380 keeping ( Fig. 1) . 381 LP neutron flux measurements are reported in the PDS data sets in units of counts per 8-382 second or per 32-second interval, but otherwise can be handled similarly to the LEND data, 383 dividing total counts within a latitude-longitude cell by total dwell time in that cell to yield 384 counts per second. Only the LP data collected with the longer integration time includes 385 fast-neutron data, thus we use only the 32-second data. The band of minimum integration 386 time for LP neutron measurements is not quite parallel to lines of longitude, as it is for 387 LEND, but integration time and thus statistical significance are otherwise spread fairly 388 evenly over the Moon (Fig. 1) . 389
The mapped quantity is count rate at the spacecraft, comprising the uniform background of 390 spacecraft-sourced neutrons plus a quantity proportional to the flux of lunar neutrons while 391 in that position. We do not apply any smoothing to these maps, as the stochastic noise of 392 the individually-measured map cells is essential to evaluate goodness-of-fit and to 393 discriminate between models of the mapped data. This aspect of map construction differs 394 significantly from maps constructed by Litvak et al. (2012b) and by Maurice et al. (2004) , 395 who smooth their maps to reduce noise and to reveal the distribution of neutron emission 396 rate at the resolution of the omnidirectional detectors. Although each measurement is in 397 response to neutrons emitted from a broad field of view over the lunar surface, the actual 398 measured counts (and noise) found within a given bin of the unsmoothed map belong to 399 instances when the spacecraft could be found within that latitude-longitude bin. 400
The choice of angular dimension for the map binning is significant. The LEND CSETN 401 detection system is designed to obtain relatively high spatial resolution on the component 402 of signal that reaches the detectors through the barrel of the collimator, with finer resolution 403 than the LP neutron flux measurements. LP flux maps have finer resolution than the 404 omnidirectional detectors of LEND, since LP operated closer to the lunar surface (~30 km 405 altitude) while obtaining the data used here; on the other hand, the 32-second integration 406 time means that the spacecraft traveled 1.6° in latitude during each sample compared to 407 0.05° for LRO and LEND. Any element of fine spatial resolution that is present in mapping 408 one data set, but not the other, resembles noise and skews the outcome of a least-squares 409 goodness-of-fit minimization in constructing a model for LEND maps using LP mapped 410 data. We consider this to be a significant difference between the present work and work by 411
Eke et al. (2012) , which compared individual one-second integrations with maps derived 412 from LP data, mismatching fine-scale properties between the two data sets. 413
We choose a binning dimension, 3°3°, broad enough that the estimated field of view 414 (FOV) of both the LEND and LP omnidirectional detectors is contained within one element 415 in the direction of travel. A comparison between LEND and LP can be based on regionally 416 variable flux measurements that the two systems should have in common, rather than 417 localized flux measurements that would emphasize their differing properties. The effective 418 FOV cited for the LP neutron detectors is of order 45 km , which 419 projects to 1.5° in latitude and longitude at the equator. LEND operates at higher altitude 420 and so its omnidirectional detectors are sensitive to a proportionately broader field of view, 421 45•51/30 = 76.5 km, which projects to 2.5° in latitude and longitude at the equator. We 422 choose a somewhat broader binning scale of 3°; tests with 4° and 5° binning yield the same 423 qualitative results as the 3° binning. 424
All maps and models displayed in this work use 3° binning and 7200 sample elements to 425 cover the full range in latitude and longitude. At this sampling scale, the information 426 content in LEND and LP maps of lunar neutron flux should differ only in the measurement 427 uncertainty and any systematic artifacts such as detector background ('dark') signal.
428
Neither data set should retain the underlying spatial variation of the measured signal at fine 429 resolution. The maps of LEND total neutron-detection counts, total integration time in each 430 detector, and estimated background and out-of-band contribution compiled for 3° binning 431 are reported in an ASCII text file in the online Supplemental Materials. 432
Modeling LEND Maps 433
We model each map of LEND detector signal using a linear combination of a uniform 434 signal for spacecraft background and templates derived from the LP thermal, epithermal, 435 and fast neutron maps. It is evident by inspection of Fig. 1 with the constraint that all coefficients in each trial must be greater than or equal to zero.
495
The best-fitting model in each successive generation is identified by a least-squared 496 deviation criterion and is used as the central value for the next generation of parameters.
497
The breadth of parameter space that is explored by random selection in successive 498 generations is expanded or contracted for each coefficient depending on whether the "best 499 fit" value for that parameter is near the edge of the tested range in each generation or near 500 the central value. The procedure is repeated until converging on a best-fit set of coefficients 501 in consecutive generations, retaining all the tested parameter sets to investigate 502 uncertainties. We have tested various initialization schemes for parameter central values 503 and parameter randomization, including both realistic values near previous best-fit 504 parameter sets as well as unrealistic values that start far from any plausible parameter set, 505 with broad ranges of random selection. The best-fit results are repeatable, with small 506 variability within the range of the estimated uncertainties due to the discrete nature of the 507 parameter-generation method. The initial breadth of the random parameter distribution is 508 selected to be at least wide enough to ensure that the population of random parameter sets 509 is well populated far from the best-fit value, to enable a well-characterized fit uncertainty 510 on each parameter. 511
Uncertainty in the coefficients is estimated using the Fisher F statistic formed from a ratio 512 of variances. The statistical variance (sum of squared deviations) between each tested 513 model and the LEND map is compared to the variance between the best-fit model and the 514 LEND map to test for models that are indistinguishable at less than the 1 (68.27%) 515
confidence level in a model with N = (360/3)*(180/3) -4 = 7,196 degrees of freedom, 516 computing the limiting value of F using code adapted from Press et al. (1989) . The 517 maximum difference in each coefficient between the best-fit value and its value in all 518 parameter sets that meet the limiting criterion in F is adopted as the 1 uncertainty of each 519 coefficient. This is a conservative uncertainty estimate that does not assume prior 520 knowledge of the statistical properties of the LEND measurements and that tolerates 521 comparing an imperfect best-fit model with other models that are even more imperfect. 522
This algorithm naturally incorporates covariance between all model parameters since it 523
explores the entire range of tested models that fit the statistical criterion. 524
Analysis of LEND STN3 detector:
The coefficient for the uniform component of neutrons 525
detected by STN3 is required to be no less than zero, as a negative particle-detection rate 526 has no physical meaning, resulting in a background of 0±1.0 counts per second (cps); really, 527 a 1 upper limit of 1.0. The coefficient of the LP thermal-neutron template is 8.4±0.4 cps 528 out of a mean STN3 count rate of 24.93±0.02 cps, accounting for 34±2% of signal in this 529 detector. The remaining signal is a combination of neutrons originating in the epithermal 530 population, 49±5% of the total, and in the fast-neutron population, accounting for 17±4% 531 of the total. Combined, the epithermal and fast neutrons account for 16.5±1.1 cps, or 532 66±4% of the total signal. 533
The best-fit model map is nearly indistinguishable from the LEND map of (Fig. 1b) . The inset image in each panel is a map of residuals of the fit (absolute value), smoothed to show regional discrepancies, stretched between zero and 1% of the signal maximum. 546
The LEND epithermal neutron detector SETN offers an alternative model for the 547 epithermal component of the neutron populations detected by the thermal-neutron detector, 548 STN3. Since the SETN detector is identical to STN3, apart from the cadmium foil, it should 549 measure the epithermal and fast-neutron flux that also is intercepted by STN3 and collects 550 measurements simultaneously with STN3, minimizing any systematic effect due to 551 collecting data in different epochs. We can construct a second model for the STN3 map, 552 using the thermal-neutron template from LP and using the map of SETN signal to represent 553 all suprathermal neutrons in a combined LP+LEND model with only three adjustable 554 parameters: lunar thermal neutrons, spacecraft-sourced background, and lunar epithermal 555 (and fast) neutrons. 556
The variance between model and data is dramatically reduced by using SETN to model the 557 contribution of epithermal neutrons to STN3, as reported in signal. The total count rate due to suprathermal neutrons estimated from fitting the SETN 622 epithermal detection map using LP map templates is 9.9±0.9 cps, 93±8% of the detected 623 count rate. 624
As with modeling STN3, a model can be constructed for SETN that is partially based on 625 other LEND data to determine coefficients for subtracting from the SETN signal the 626 background and thermal neutron components of the total, leaving only the combined 627 epithermal and fast neutron detection rate (Fig. 3b) . The template for thermal neutron flux 628 is constructed by subtracting the background and SETN contributions from the STN3 map 629 using Eqn. 1, and the background count rate in SETN is assumed to be 0.77 cps as 630 estimated by Litvak et al. (2012a) , accounting for 7% of the SETN signal. Fixing the 631 background count rate to the calibrated value leaves three free parameters: the thermal-632 neutron contribution, the epithermal-neutron contribution, and the fast-neutron 633 contribution. The numerical coefficients for this model are tabulated in Table 2 . None of 634 the retrieved coefficients are altered beyond the bounds of uncertainty from Table 1, which  635 is not surprising since only minority components are altered from the LP-only fit. 636
Nevertheless, the variance of the best-fit model is reduced to an extent that is a marginally 637 significant improvement over the LP-only model of Fig. 3a and If the background (spacecraft-sourced) count rates in SETN and STN3 are allowed to be 647 fitted parameters, then the fit to STN3 is improved, but the fit to SETN is degraded such 648 that it is identical to fitting with the LP templates alone. A joint goodness-of-fit criterion 649 for simultaneously estimating the best-fit background to both STN3 and SETN results in 650 such loose constraints that it is no improvement over assuming the calibrated background operating detectors (CSETN3 and CSETN4) and it has continued to collect data in that 673 mode. Small differences in background levels and the sensitivity specific to each detector 674 are corrected by scaling each individual detector's signal and its background to yield the 675 b a average value of signal above background averaged over all four detectors, so that 676 discontinuities are not introduced by changes in the identity of which CSETN detectors are 677 in operation. The analysis of the individual CSETN detectors is presented later, after 678 covering the combined CSETN detector system to demonstrate the methodology. 679
Best-fit coefficients for modeling CSETN using LP maps are reported in Table 1 , and the 680 correlation between model and data is displayed in Fig. 4a . CSETN pixel values cluster 681 into two groups, a minority formed by highly-correlated bright pixels in the model and data 682 that follow the correlation axis, and a majority of pixels that cluster at low data values, 683 consistent with the extensive neutron-dim regions shown in the map of Fig. 1c . There do 684 not appear to be major regional discrepancies between model and data. The thermal and epithermal neutron maps derived from STN3 and SETN using Eqns. 1 707 and 2 can be substituted for the corresponding LP maps as templates for modeling CSETN.
708
Since SETN and CSETN use identical detectors, they should have approximately the same 709 response to the lunar neutron energy spectrum that propagates through free space before 710 reaching the detector. Fig. 4b shows the comparison between model and data pixels using 711 these substitutions, with numerical coefficients of the fit tabulated in and HEE represents the total lunar neutron flux measured by CSETN, including neutrons 725 that reach the detectors in collimation as well as those neutrons that reach the detectors 726 through the wall of the collimator. uncertainty unit using our estimate for uncertainty, less than 2 using the estimate from 742
Litvak et al. (2016). 743
Estimates for collimated component of CSETN detected signal: We consider the SETN-744 like contribution to the CSETN signal to be an upper limit on the total signal from neutrons 745 that reach the detectors in collimation, 1.2±0.2 cps or 54±11% of lunar neutrons, since the 746 SETN template includes both the epithermal and fast components of the neutron energy 747 spectrum as it is encountered by a detector in the open but adjacent to the LEND collimator.
748
Neutrons in the thermal and epithermal range that are out of collimation are moderated and 749 stopped, skewing the out-of-collimation spectrum towards neutrons of greater initial 750 energy at the point of emission, represented by the fast neutron component in the fit to the 751 CSETN map. If any fraction of epithermal neutrons were also to penetrate the collimator, 752 it would reduce the fraction assigned to detection in collimation, consistent with 1. increases from this minimum in a wing that extends out to 90° from nadir, although the 767 limb of the Moon only extends to 76.4° from nadir at the 51 km altitude of LRO. The 768 integrated signal within the core region is about 50% of total signal integrated over the 769 angular sensitivity function, including a cosine anisotropy for emission from the surface 770 and limiting the numerical integration to 76.4° from nadir. Applying this 50% fraction to 771 the entire HEE population detected by CSETN yields 1.1 cps. A lower limit can be 772 estimated by assuming that detected fast neutrons always are out of collimation and apply 773 this modulation factor to the SETN-like fraction only. This suggests a lower limit at 50% 774 of 1.2±0.2 cps, or 0.6 cps. neutron map, we model the individual CSETN detectors using these components and report 829 the fit coefficients in Table 4 to obtain the components of spacecraft-and lunar-sourced 830 neutrons. The ratio between epithermal and fast-neutron components for each detector 831 differs from the combined CSETN detector but lies within the uncertainty of the retrievals.
832
The sum of the estimated backgrounds is 2.96±0.21 cps, slightly different from the 833 background estimated for the combined measurement but well within uncertainty. 834
Similarly, the sum in each parameter over all four detectors is within uncertainty of the 835 corresponding parameter fitted to the combined CSETN map, with similar combined 836 uncertainty. 837
If all four CSETN detectors were in operation at all times, the summed parameters should 838 be identical with the results from fitting the map of the combined signal, but that is not the 839 case. To prevent discontinuities in the CSETN data set due to the changing identity of the 840 operating detectors, the signal and estimated background in each detector is normalized to 841 the geographical average value of lunar HEE neutron count rate per detector, dividing by 842 the geographically averaged count rate in each individual detector: 843
where the signal value CSETNx and the background value BKDx correspond to the 845 geographical average for each individual detector designated by the subscript x.
846
Multiplying the measured counts and estimated background counts in each detector by its 847 scale factor Sx, each detector obtains the same geographically-averaged net signal. After 848 multiplying by the scale factor Sx, the net counts summed over all operating CSETN 849 detectors, divided by the net integration time over all operating detectors, yields a map of 850 the average count rate per detector. The scaling factors are reported in Table 4 . The 851 sensitivity of each individual CSETN detector is within 15% of the mean sensitivity to 852 lunar neutrons. 853 Figure 5 : Thermal, epithermal, and HEE neutron maps (a, b, c, respectively), derived from LEND STN3, SETN, and CSETN detectors respectively by subtracting background and out-of-band contributions, stretched from zero to maximum signal to show image contrast. Greatest contrast is in the thermal map (a), where neutron flux in the nearside Maria and farside Aitken Basin regions is much less than in the northern hemisphere far-side highlands. Least contrast is in the epithermal map (b) where highlands are slightly brighter, while the poles, Maria, and Aitken Basin are slightly darker, but otherwise the map contrast is very small. HEE (c) is brightest in the Maria and major nearside craters, bland elsewhere. Black boxes within 10° latitude of the poles and within ±10° of the equator show regions over which signal is averaged to evaluate equator-to-pole signal contrast. Profiles on the right show zonal-average equator-to-pole profiles in the raw data (solid) and in the background-subtracted data (dotted), shading the separation between them. 
Polar Hydrogen 856
The motivation for neutron remote sensing on LRO is to investigate the accumulation of 857 hydrogen in the Moon's polar regions. Figure 5 illustrates the contrast in neutron flux 858 between equator and pole and across the map, with background and out-of-band 859 contributions subtracted from each detector according to the coefficients of Table 3 to yield 860 maps of thermal, epithermal, and HEE neutron flux. Regions selected for an equator-to-861 pole comparison are shown within 10° latitude of the North and South poles and within 862 ±10° of the equator. 863
Regolith geochemistry strongly influences the thermal neutron flux, so it is not 864 straightforward to interpret hydrogen content from the pole-to-equator contrast in this 865 energy range. For the epithermal and HEE neutron populations derived from SETN and 866 CSETN, the pole-to-equator contrast is related to the regionally averaged abundance of 867 hydrogen trapped in the polar regolith compared to the relatively volatile-free equatorial 868 regolith, with a lesser effect from regolith composition on neutrons in this energy range.
869
The equatorial region features the greatest zonal average epithermal and HEE flux, 870 consistent with the least resident hydrogen, as expected for the latitude that also 871 experiences peak diurnal surface temperature (Vasavada et al. 2012) . Recent work has 872 demonstrated diurnally varying neutron suppression at the equator that is ignored here 873 (Livengood et al. 2015) , since the present work constructs maps from measurements at all 874 local times, diluting the small diurnally varying suppression. We use the zonal-average and 875 diurnal-average neutron flux near the equator as the reference for dry regolith everywhere 876 on the Moon, including both the maria and highlands regions in the average. 877
Each of the maps displayed in Fig. 5 is accompanied by a meridional trace of the zonal-878 average signal as a function of latitude. The thermal neutron signal is highly variable with 879 latitude, with a maximum at the poles ~9% greater than the equatorial average signal. The 880 epithermal neutron flux measured by SETN declines gradually up to about 75° latitude, 881 then declines sharply to ~94% of the equatorial signal at the poles. The modest background 882 and thermal neutron signal subtracted from SETN to reveal the epithermal neutron signal 883 makes little difference in the meridional trace from equator to pole. The much more 884 significant spacecraft-sourced background subtracted from CSETN results in a meridional 885 trace for HEE flux that differs in detail from the epithermal distribution but reaches the 886 same signal suppression at the poles. The similarity in pole-to-equator contrast of the 887 epithermal and HEE distributions cannot be an artifact of using the LEND epithermal map 888 in modeling CSETN to obtain the spacecraft-sourced background, since both the LP-based 889 and LEND-based models for CSETN obtained the identical background estimate. The only 890 quantity subtracted from the CSETN data to form the map and trace in Fig. 5 is the uniform 891 background. 892
Neutron flux measurements extracted from near the poles and the equator are tabulated in 893 Table 5 for the LP neutron data products, for the LEND detectors, and for the thermal, 894 epithermal, and HEE neutron count rates derived from the LEND detectors. The precision 895 uncertainty in the detector signal is estimated using standard error of the mean for the 896 population of measured map pixels in each comparison region, for both LP and LEND. 897
The uncertainty tabulated for the background-subtracted LEND measurements is the 898 accuracy uncertainty estimated from the tabulated fit parameters in Tables 1 to 3 , since the 899 precision uncertainty is much smaller than the accuracy uncertainty for the subtracted 900 background and out-of-band contributions. The accuracy uncertainty is not independent in 901 equator-to-pole comparisons: it applies equally to both regions, in the sense that if the 902 background is a little over-estimated at the pole, it is overestimated to the same extent at 903 the equator. The accuracy uncertainty in the ratio between equator and polar signal is 904 estimated by constructing a normal distribution of discrepancy values with the appropriate 905 standard deviation and adding values from this population equally to both numerator and 906 denominator to create a randomly-distributed population of ratio values whose mean and 907 standard deviation can be computed to yield the accuracy uncertainty in the ratio. This is 908 the approach used in Tables 5 and 6 . 909
The raw LEND STN3 signal is about the same at the poles as at the equator. After 910 subtracting the background and epithermal components, the thermal neutron flux measured 911
by LEND within 10° of the north pole is 6.8±0.1% greater than the equatorial flux, and the 912 thermal neutron flux measured at the south pole is 10.9±0.1% greater than the equatorial 913 flux. The equivalent ratios for LP neutron flux measurements are 10.8±0.2% greater at the 914 north pole and 14.8±0.2% greater at the south pole. Greater polar flux in the LP 915 measurements is consistent with the residuals from modeling STN3 using LP maps. 916
Signal suppression measured in the raw SETN signal and in the epithermal neutron flux 917 derived from it is about the same, suppressing the signal relative to equatorial by 4.4-5% 918 in the north and by 3.7-4.4% in the south. Suppression in the LP epithermal flux is much 919 less, only 1.6% and 1.8%, respectively, but the suppression in the LP fast-neutron flux is 920 similar to the LEND epithermal contrast, 4.3% and 4.0%, at north and south respectively. 921
Greater polar flux in the LP epithermal neutron flux data is consistent with the residuals 922 from modeling SETN using LP neutron emission maps. Although the calibration expression is formulated with respect to a reference count rate of 950 C0 from a nominally hydrogen-free sample of regolith, the reality is that there is always a 951 small amount of hydrogen or water present in most surfaces and thus even the driest and 952 most hydrogen-free reference region on the Moon is not completely devoid of hydrogen.
953
At the small concentrations relevant to lunar materials and the resulting modest neutron 954 flux suppression, the comparison between a minimally hydrated reference region and a 955 more-hydrated region of interest results in a differential value of hydrogen concentration. The thermal and epithermal neutron flux relative to the equator measured by LP in the polar 1006 regions is significantly greater than estimated from LEND data, as shown by the systematic 1007 high latitude discrepancy in the model results and reported in Table 5 . This distinction also The meridional profiles for the epithermal and HEE neutrons shown in Fig. 5 decrease  1044 monotonically from ~80° latitude to the poles. We consider a second contrast comparison 1045 between the region within 2° of the poles and the equator, reported in Table 6 . The results 1046 are qualitatively similar to the equator-to-pole contrast reported in Table 5 and  1047 quantitatively represent a greater concentration of hydrogen in the regolith, 0.12-0.13 wt% 1048 WEH with greater than 6 significance, or 133-144 ppmw hydrogen. that suppression in the fast neutron flux measured by LP is significant relative to a reference 1053 measurement at 70°-80° latitude only within 2° of the south pole, from which they 1054 conclude that Shackleton Crater is unique in having hydrogen near the surface of the 1055 regolith and that elsewhere, the upper ~20 cm of regolith is hydrogen-poor. We observe 1056 that the meridional profile in the LEND epithermal and HEE neutron count rates, and the 1057 LP fast neutron count rate, is suppressed to the same extent relative to the equator at both 1058 poles. We conclude that the identification of Shackleton Crater as a distinct locus is not 1059 enhanced contrast obtaining and interpreting the Lunar Prospector neutron data, and for stimulating 1214 discussions that have contributed to this work. 1215 
